Grid impedance estimation is crucial for operating and controlling of grid-connected converters, especially with the high penetration of renewable energy sources into microgrid and smart grid. One of the technical challenges is how to fast and accurately estimate the grid impedance, even under the distorted and unbalanced conditions. Many impedance estimation methods have been presented in the past decades. Most of them intentionally inject one or more disturbance signals, low frequency or high frequency, to excite the grid response. And then the grid impedance can be estimated by the voltage/current information of two steady-state operating points before and after the disturbance. However, these injected disturbances will deteriorate the power quality due to harmonics caused by the injected disturbances. In order to mitigate the problem, a new impedance estimation method is presented in this paper. Its basic idea lies in the inherent switching feature of the grid-connected power converter. The unique feature is that the proposed new grid impedance can be easily estimated, even under distorted and unbalanced grid voltage conditions with no need of the intentionally injected disturbance signals any more. First of all, the system equivalent impedance circuit is analyzed to clarify the proposed method, along with a theoretical comparison with the conventional one. Aside from that, an interesting estimation of voltage and current switching components are presented for determining the grid impedance with two well-defined equations. And then, the performance tests are carried out and the results verify the effectiveness of the proposed method. Finally, a typical application of the proposed method is presented and discussed.
INTRODUCTION
Nowadays, the integration of renewable energy resources and distributed power generation into grid is getting more and more attention (Guerrero et al., , 2011 Zhong & Hornik, 2013; Li & Chen, 2008) . With the high penetration of renewable power generation systems in the microgrid and smart grid, many technical challenges should be dealt with before successful grid integration. One of the most important issues is how to fast and accurately estimate the grid impedance. In practice, the impedance information is of particular concern because it leads to interactions between the grid-connected power converters and the grid, which might cause the system resonance and instability (Sun, 2011) . Aside from that, the impedance information is also essential for many other applications, such as power sources and conditioners design (Roberto, 2009) , islanding detection (Ciobotaru et al., 2010) , power flow control (Vasquez et al., 2009) , passive filter design (Das, 2004) , and active filter control (Tarkiainen et al., 2004) .
Generally, impedance estimation methods can be mainly classified into two categories: invasive and noninvasive methods. The latter one usually measures the excitation of the natural load variations to calculate the impedance (Bien et al., 2007) . It is theoretically simple and does not need to intentionally inject disturbance signals. So there is no power quality degradation problem. However, the successful and accurate impedance estimation is highly dependent on the sufficient excitation response, which is not always the case in practice. On the other hand, the invasive method intentionally injects one or more disturbance signals, low frequency (Asiminoaei et al., 2005; Timbus et al., 2007) or high frequency (Summner et al., 2004; Staroszczyk, 2005) , periodically or randomly, to excite the grid response. And then the grid impedance can be estimated by the voltage/current information of two steady-state operating points before and after the disturbance. However, these injected disturbances will deteriorate the power quality due to harmonics and inter-harmonics caused by the injected disturbances (Asiminoaei et al., 2005) . Also in medium or high voltage grid, the disturbance injection device should be powerful enough to excite the grid response, which is not cost effective in practice. In order to solve this problem, the passive load, resistive or capacitive, is stepped to generate the grid excitation (Valdivia et al., 2011) . Besides, some unique solutions have been presented for grid impedance estimation. An interesting approach presented by Liserre et al. (2007) is to estimate the grid impedance by the excitation of the LCL-filter resonance. The impedance information can also be identified according to the cross coupling of d-axis and q-axis currents, as reported in Kulka & Undeland (2008) .
In this paper, a new grid impedance estimation method is presented, which is an extension of our conference paper (Gu et al., 2012) . It utilizes the inherent switching feature of the grid-connected power converter to excite the grid response. So the grid impedance can be easily estimated with no need of the intentionally injected disturbance signals any more. The theoretical analysis and performance evaluation are presented to verify the proposal. Finally, a typical application of the proposed method is presented and discussed. Figure 1 illustrates the schematic diagram of grid-connected power converter system, where c U and g U are the converter-side and grid-side voltages respectively. g Z is the equivalent impedance of the grid. 1 L is the converter-side inductor. It is known that any periodic signal can be represented as the sum of harmonicallyrelated sinusoidal waves. Therefore, the converter-side and grid-side voltages can be expressed as (1), and then Figure 2 is further simplified as shown in Figure 3 . 
PROPOSED METHOD

Conventional method
The grid impedance at a specific frequency can be calculated from Figure 3 as follows:
where oh I , ch U and gh U are the grid current, converter and grid voltage components at a specific frequency respectively.
From (2), it can be concluded that the information of the converter voltage, grid current and the grid voltage should be available to calculate the grid impedance. However, in practice, the grid voltage is difficult to measure directly due to the long line distance. That is why the "two-sampling-point" (TSP) algorithm is widely used for the grid impedance calculation (Vasquez et al., 2009; Timbus et al., 2007; Staroszczyk, 2005) . The basic idea of TSP algorithm is briefly explained as follows: With the mathematical manipulation, equation (3) can be rewritten as:
Assuming that grid voltage remains unchanged between the sampling intervals, that is 1 2 gh gh U U = , the grid impedance can be derived from (4) as follows:
Compared with (2), equation (5) indicates that the grid impedance calculation is not dependent on the grid voltage at all, but only on the local information such as the grid current and converter voltage, which can be easily obtained in practice.
Proposed method
The abovementioned "two-sampling-point" algorithm usually intentionally injects one or more disturbance signals to excite the grid response. However, these injected disturbances will deteriorate the power quality due to harmonics and inter-harmonics caused by injected disturbances (Asiminoaei et al., 2005) . Also, the impedance estimation delay is highly dependent on the response time from the initial injection to another steady-state point (Vasquez et al., 2009) . In order to mitigate the problem, a new impedance estimation method is presented in this paper. It utilizes the inherent switching feature of the grid-connected power converter to excite the grid response. So the grid impedance can be easily estimated with no need of the intentionally injected disturbance signals any more. The basic idea of the proposed algorithm is briefly explained as follows.
It is known that the high frequency voltage harmonics are rare in the practical power systems, because the voltage harmonic magnitude tends to decrease as the frequency increases. So, it is reasonable to assume that there is no high frequency (e.g. above 10 kHz) harmonics in the grid voltage. In this case, equation (2) 
where os I , cs U and gs U are the grid current, converter and grid voltages at the frequency associated with the switching feature of power converters.
From (6), it can be concluded that the grid impedance can be calculated by the local information. More specifically, equation (6) 
It is clear that the grid impedance can be easily obtained from (7) 
Note that the R can be easily calculated with the instantaneous variables of converter voltage and grid current. On the other hand, 1 L is already known for a welldesigned converter filter, and L is dependent on the angular frequency ω . Therefore, the excited frequency should be determined in advance.
Considering the inherent switching feature of the grid-connected power converter, the excited frequency is mainly determined by the pulse-width modulation. The frequency-spectra characteristic analysis of the pulse-width modulation (PWM) process has been reported in Holmes & McGrath (2001) , where the phase voltage can be expressed in the following form:
where M is the modulation index, dc V is the dc-link voltage, n J is the Bessel function, 0 ω is the angular frequency of modulation signal, which is the same as the grid voltage angular frequency, c ω is the angular frequency of PWM carrier signal. In the following, e ω is the excited angular frequency, which is defined as As mentioned before, the excited frequency in the paper is mainly determined by the pulse-width modulation. The excited frequency can be determined by (10), which indicates that the mainly harmonic components are located at 
Instantaneous variables measurement
In order to successfully estimate the grid impedance even under distorted and unbalanced conditions, the voltage and current components at the excited frequency should be available in advance. For example, equation (8) and (9) indicate that the grid current and converter voltage should be known for the grid impedance estimation. It can be achieved by the MCCF structure (Guo et al., 2011) , as shown in Figure 4 , where 
The corresponding time-domain equation of (11) can be derived as (12). 
The state-space model can be derived from (12) as (13).
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where 
The time-domain solution of (13) 
The full mathematical expression for the time-domain solution of (14) is too complex to describe here. But it can be concluded that its transient response mainly depends on the cutoff frequency of x ω . The dynamic response time of the proposed technique presented in Figure 4 can be controlled within half a cycle (10ms), as reported in Guo, et al. (2011) . It will be beneficial to the fast grid impedance estimation.
On the other hand, the steady-state solution to (14) is (15).
From the above theoretical analysis, it can be observed that the structure can be used to extract the voltage components, as well as current components, which are used for the grid impedance calculation.
System control structure Figure 5 shows the single-line diagram of the system control structure. It can be divided into two main functions. One is for the system control, and the other is for the grid impedance estimation.
First of all, the grid current abc I and converter voltage abc U are measured. With the Clarke transformation, U αβ and I αβ are obtained. And then, the converter voltage and grid current components at the excited frequency ( s U αβ and s I αβ ) can be extracted by the structure in Figure 4 . Finally, the grid impedance can be easily estimated with (8) and (9).
On the other hand, the system control structure is crucial for operating gridconnected power converter. The direct output current control (Guo, et al., 2010) is used for the grid-connected power converter to enhance the system steady-state and dynamic performances. Aside from that, an additional impedance 2 2 g g R jL + and two switches (S1 and S2) are used for testing the dynamic performance of the proposed impedance estimation method. More specifically, when S1 is on and S2 is off, the grid impedance g Z is 1
. While S2 is on and S1 is off, the grid impedance g Z is changed to
. In this way, the dynamic impedance variation can be emulated for testing the effectiveness of the proposed method. Following will present the system performance evaluation. 
PERFORMANCE EVALUATION
In order to further verify the theoretical analysis in the previous section, the performance evaluation is carried out with the Matlab/Simulink software. The system parameters are listed as follows. DC-link voltage: 800V. Grid voltage: 380V at 50Hz, Switching frequency: 10kHz. Excited frequency order: 198. Initial grid impedance (S1 is on and S2 is off in Figure 5 ): 1
And then the grid impedance increases by inserting another impedance ( 2 g R =1ohm, 2 g L =1mH) after 0.1s (S1 is off and S2 is on in Figure 5) ; therefore, the total grid impedance is R=1.5ohm, L=2mH. In this way, the dynamic impedance variation can be emulated for testing the effectiveness of the proposed method. Following will present the performance evaluation results. Figure 6c . Figure 6d illustrates the instantaneous variables information of the converter voltage and grid current at the excited frequency. It is clear that the proposed structure can provide the accurate information for grid impedance estimation. The grid impedance estimation results are shown in Figure 6e , from which it can be observed that the grid impedance can be accurately estimated. Figure 6 has presented the evaluation results under the ideal grid voltage condition. However, in practice, the grid might be polluted with harmonics due to many different types of loads connected to the grid. More severely, the grid even might experience the balance or unbalance grid faults. In addition, the random noises are common during the grid impedance measurement process. Therefore, it is of particular concern, whether the proposed method works well or not under the distorted/unbalanced grid and noise conditions. In the following, the tests will be carried out under distorted/unbalanced grid conditions, along with the zero mean white Gaussian noises are superposed on the current and voltage components to emulate the measurement noise. The variance of the noise is 2 0.05
Ideal condition
, which corresponds to a signal-to-noise ratio (SNR) 10 dB.
Nonideal conditions
The evaluation results under the distorted/unbalanced grid voltage and noise conditions are shown in Figure 7 . It is clear that the grid impedance estimation is satisfactory with the proposed method. Other further considerations should be noted, such as nonideal switching behavior, sensors accuracy, etc, can make the negative influence on the performance of the proposed technique. For non-ideal switching behaviors, e.g. dead time, turn on/off delay and voltage drop across switching devices, the negative effect can be mitigated by the advanced strategy (Zhao et al., 2004; Choi et al., 2007) . On the other hand, for improving the accuracy of the proposed impedance estimation method in practical applications, there are two possible solutions. One is to use the high precise sensors. It is reasonable and feasible in practice with the fast development of the advanced sensors (Rietveld et al., 2009; Callegaro et al., 2006) . The other is to use the windows and interpolation algorithms to improve electrical measurement accuracy (Andria et al., 1989) . 
TYPICAL APPLICATION
As mentioned earlier, the grid impedance estimation is essential for many applications. Following will present a typical application to verify the effectiveness of the proposed method. Figure 8 shows the diagram of the islanding detection with the proposed grid impedance estimation method. As we know, islanding occurs when the grid-connected converter and local load are disconnected from the grid, but the converter continues to energize the local load, which may result in many problems (Liu et al., 2010) . Therefore, it is essential to detect the islanding in a fast way. The European standard EN50330-1 specifies the ENS requirement of confirming islanding after an impedance change, which is reasonable because the local load impedance is much larger than the grid impedance. Figure 9 shows the evaluation results. At 0.08s, the grid is disconnected, only the converter energizes the local load, and the estimation impedance is greatly increased, which confirms the islanding. In contrast to the exiting islanding detection method, the proposed method can achieve the fast islanding detection with no need of the intentionally injected disturbance signals any more. 
CONCLUSION
This paper has presented a new grid impedance estimation method. It utilizes the inherent switching feature of the grid-connected power converter to excite the grid response. Therefore, the grid impedance can be easily estimated with no need of the intentionally injected disturbance signals any more. The proposed new method can achieve the fast and accurate estimation of the grid impedance, even under the distorted and unbalanced grid conditions. Therefore, it is very attractive in gridconnected power converter applications, e.g. active filter control, impedance stability analysis, islanding detection, and so on.
